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.i 2. Page 10 --Equation 2.7, top portion: add n before
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é 6. Page 20 - Equations 4.5 & 4.6: Close vp gaps between sin
: and h, and between cos and h. Shouid be sinh{2y)
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- I!. ABSTRACTY

The relationship between electromagnetic-pulse (EMP) shieclding effectivcness
and MIL-STD-285 is investigated analytically. It isg found that mecasurement¢s carried
out in the manner prescribed by MTL-STD-285 using small cw dipole and loop sources
located at fixed relative positions 12 in. from the walls will give upper and lower
bounds for the EMP (rlane wave) shielding cffectiveness of any metallic structure at
all frequencies of interest (102 to 109uz). Upper bounds are provided by dipole
measurements and lower bounds by loop measurements for each EMP frequency correspond-
.ng to a frequency employed in MIL-STD-285. A closed form cexpression 8(r,f) is ob-
teined for the difference between EMP shietding effectiveness and loop shielding
efiectiveness. This expression is independent of any metallic structure and depends
only on the ratic between wave impedances of the EMP and loop fielas. That is, it
-§ depeids only or the impedance mismatch between EMP and loop fields at the surface of
1 the s'ructure. 1In general, it is a function of frequency f aad distance r between
the soiwrce and structure. Since both EMP and loop wave impedances are known, §(r,f)
can be 'xplicitly evaluated for a source distance of 12 in. and added to measured
values o loos shielding effectiveness to give estimates of EMP shielding effective-
-hess- at ady froquency. A similar.result is obtained for a dipole source. In this
way, MIL-STD-285 mecasurementS can be used to estimate EMP shielding effectiveness.
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ABSTRACT

The relationghip between electromagnetic-pulse /EMP) shielding
effectiveness and Ml,. §™H=-2f5 is investigated analytically. It is -
found that measuremerts .;arried out in the manner prescribed by
MIL-STD-285 using smal! cw dipole and loop sources located at fixed .
relative pousitions 12 in. from the walls will give upper and lower N
bounds for the EMP (plane wave) shielding zffectiveness of any metal- :
lic structure at all frequencies of interest (102 to 108Hz) . Upper <
bounds are provided by dipole measurements. and lower bounds by loop E
measurements for each EMP frequency corresiponding to a frequency
employed in MIL-STD-285. ,A closed form expressior. §(r,f) is obtained
for the difference betwec: IZi&P shielding effectiveness and loop :
shielding effectiveness. This expression is indevendent of any metai- §
lic structure and depends only on the ratio between wave impedances 2
x of the EMP and loop fields. That is, it depends only on the impedance :
o mismatch between EMP and loop fields at the surface of the structure.
In general, it is a function of frequency £ and distance r between
the source and structure. Since both EMP and lcop wave impedances are
known, 6(r,f) can be explicitly evaluated for a source distance of 12
in. and added to measured values of loop shield:.ng effectiveness to
give estimates of EMP shielding effectiveness at any frequency. A
similar result is obtained for a dipole source. In this way, MIL-STD-
285 measurements can be used to estimate EMP shielding effectiveness.
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1. INTRODUCTION

Natural and man-made e
as lightni~ ¢+ and nuclear expl
sien’, high-intensity electrom

tromagnetic-pulse (EMP) sources, such
jons, are capable of producing tran-
etic fields over a wide area. These
int: .s¢: fields are a potential cdyse of damage to sensitive electronic
eq..- 'went unless steps are taken td® chield the equipment from direct
expus re to the EMP. To provide thiys sh’elding, semsitive circuits
are frequently placed within metallic enclosures intended to reduce
the intensity of ambient fields to a tolerable level by reflecting
and attenuating the external EMP fields. T.e effectiveness of these
EMP shi lds is naturally of gresf concern to systems designers, and
many test methods have been used to measure shielding effectiveness
directly in the field. Since a full-scale simulation of the actual
FMP source is usually not possible, recourse is often made to test
rethods employing much smaller scale electromagnetic sou:ces. One of
the most attractive of these from tha standp01nt of simplicity and
¢rse of operatic . is the method described in Military Standard 285.°
‘hi~ method uses small cw 'oop and d:pole antennas located close to
.¥.. “ielded enclosure and measures the shielding effectiveness, SE,
v ums of the a‘tenuation in dB of the received power on opposite
s of the shieid when the shield is illuminated by electromagnetic

2iation. Thus, if Fy is thes electric field measured at the surface
o the shield on the side towards the antenia and Ej is the electric
field measured on the side of the shield awezy from the antenna, the
shielding effectiveness at the source frequency is computed as
follows:

SE = Attenuation (dB) = 20 io (.1)

s
LN

N

Unfortunately, the shielding effectiveness of a metallic enclosure as
measured in this manner using a loop or dipole source will not, in
general, be the same as the shielding effectiveness which would have
been measured for the same enclosure if an actual threat EMP (i.e.,
lightning or nuclear burst) had been used. This is to be expected
because the magnitude of SE for any enclosure depends critically on the
wave impedance of the incident field,? and the latter can vary widely
de;ending on the type of source (EMP, loop, dipole, etc.) and the dis-
tance between the source and the shield. Thus, tests carried out in
accordance with MIL-STD-285 do not measure directly the shielding
effectiveness of a metallic enclosure witl respect to [MP sources.

In view of the preceding, the question arises as to what, if
anything, can be learned fror MIL-STD-285 % ‘sts concerning EMP shield-
ing. In this study, we will «rgue that these .ests give upper and
lower bounds on the shielding effectiveness of the enclosure against
EMP tields. That is, MIL-STD-285 will give best and worst case esti-
mates of EMP-shielding effectiveness for each frequency component used
in the test. The argument, which will be documented in succeediag

1. Anonymous, MIL-STD 285 "Method of Attenuation Measurements for Enclosures,
Electromagnetic Shielding, for [sic] Electronic Test Purposes." Department of
Defense, 25 June (1956).

2. ?chﬁlﬁunoff, S.A., Electromagnetic Waves, Van Nostrand, Princeton, N. J.
1943).
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gections, runs as follows: At frequencies of most concern in EMP
fields (10° to 10°® Hz), the shielding effectiveness of an enclosure is
primarily determined by the ratio of reflected to incident energy.

The value of this ratio depends, in turn, on the ratio of the wave
impedance of the incident field to the impedance of the er losure,
that is, it depends on the impedarce mismatch at the surface of the
enclosure. The greater the impedance mismatch, the greater the ratio
of reflected to incident energy; hence, the greater the shielding
effectiveness of the enclosure. Conversely, shielding effectiveness
decreases as the ratio between wave impedance and enclosure impedance
approaches 1. It will be shown in section 2 that, under conditions
specified by MIL-STD-285, the wave impedeace 2;, 2p, and Zgmp of loop,
dipole, and EMP sources, respectively, are ordered as follows:

Oty oo VEN R

; 1.2
: 1251 <| 2gyp] 23770<| 2p| (1.2)

i It will be shown in sections 3 and 4 that the impedance, Z2g of a

: typical enclosure (which may have one or more narrow apertures) is
Ee. bounded as follows:

2gl<|zy (1.3)

Combining equations (1.2) and (1.3), we obtain

Zp
Zg

ZeMp
Zg

2y,

Zg

1< < < (1.4)

2
A
&

+ 4 “a 5 vy ey I T
1 AT AR T R B 01 0t S P e OB s s i S8 et 52

LYy

This relationship shows that the impedance mismatch for EMP fields is
bounded above by the mismatch for dipole fields and below by the
mismatch for loop fields which is, in turn, greater than 1. It fol-
lows that the shielding effectiveness of the enclosure against fields
produced by these three sources will be ordered in exactly the same
way, and we conclude that tests carried out in the manner prescribed
by MIL-STU-285 using dipole and loop antennas will give best- and
worst-case estimates of the EMP shielding effectivencse

AR

35}
2 B 4TUE ST b drs anbu iy

TR A

» i 215

Calculations described in secticns 2 and 1 show that the
difference between SE fo: a dipole source and SE for a loop source is
9 usually quite large when sources are placed very close to the shizld
in the manner prescribed by MIL-STD-285. Differences of more than
200 dB are typical at the lower frequencies, and it is to be expected
that shielding of the dipole field will often exceed the sensitivity

berts

P &

= of the receiver. In view of this, it would appear that the spread

5 . between upper and lower bounds provided by MIL-STD-285 neasurements

e will be tou great to yield accurate estimates of EMP-shielding effec-
{ tiveness. Of course, worst-casc estimates ubtained from loop mzas-

. urements will always err on the safe side. However, these estimates

; i will be unnecessarily conservative in most cases. Calculations in

ks sections 3 and 4 for typical enclosures show that SE can be up to 100
9 dB greater against EMP fields (considered as plane waves originating

£ at infinity) than against loop tields. A more accurate estimate of

> EMP-shielding effectiveness is clearly needed. This coculd be ob-

S . tained physically by moving the antennas far cnough from the enclosure

so that ZL»ZD+ZEMP=377Q. However, this procedure is not practical at

PabABS R D L LA R RS A 1 Sunid 1L bt L YR e T 0

Othes

L4

LA
2 a1 TR LR e GV




= R B R L R e g e L o e A L L e (At Lt G A LA el S

E
g
4
4
the lower frequencies, and, in any case, most of the operational ad- ¥
vantages of MIL-STD-285 would be lost if it were attempted. Fortu- o
nately, such a procedure is not necessary, and much more accurate g
estimates of EMP shielding effectiveness can be obtained by analyti- kY
cally adjusting loop and dipole measurements. These adjustments arce i

based on the following functional relationships between loop-shielding
effectiveness, SEp,, dir -shielding effectiveness, SEp, and EMP-
shielding effectiveness, 3Egyp:

! Z 2
EMP 3

3 § = 8 - SE; = 20 1lo ' 3
s (1.5) g
- . ¥
¢ § = SEp - SEgyp = -20 log|zo- “mop 3
: Zp 3
‘I :Zi
R which are obtained in section 5. According to equation (1.5), the §
[ difference between EMP-shielding effectiveness and loop-(dipole) %
B shielding effectiveness depends only on the mismatch. between EMP- and 2
¥ loop— (dipole) wave impedances and not on the enclosure. Since 2 %
4 L+ and 2y are known, these differences are easily calculated as Fihc- é
3 tlons of ?requency. The resulting curve (fig 9) provides a means of Q
Qg adjusting MIL-STD-285 measurements to give estimates of EMP-shielding %
: effectiveness. One need only add § to the loop measurements and sub- 3
& tract 6§ from the dipole measurements. In this way two independent 2
- estimates of SEgyp can be obtained at every frequency where both loop y:
é and dipole measurements are made. g
,2 %
é 2. WAVE IMPEDANCES OF SMALL LOOP AND DIPOLE ANTENNAS 3
% MIL-STD-285 specifies a 12-in.-diameter loop antenna and a i
A 41-in. monopole antenna with a conducting counterpoise. At the fre- §
R quencies of interest, sources with thcse dimensions will be small f
{ compared to the radiated wavelength, A, and, consequently, they may g
- be regarded as elementary locp and dipole sources. The fields of such i
{ sources are well known. For an elementaryv dipole located at the 4
5 origin of a spherical coordinate system with its current vector <
3 a11?npd parallel to the 0 = 0 axis (figure 1), the field components %
s are 5
. 1¢ sin 6 e”36T ¢ 1 :
A S —— + - - =
: Hy Tr i8 : (2.1)
4 :
3 "
' . _] r £
ks _nlf sin 0 e A 1,1 s k
4 Ey = L —— (33 : T (2.2) :
g 5
: | o IBr :
3 = nit cos 6 e 1,1, :
By = = Zur (r jBr (2.3) f

3. Jordan, E. C., Electromagnetic Waves and Radasting Systems, Prentice-Hall,

Englewood Cliffs, N. J. {1950).
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where n is the free space impedance (x377), I is the current, 2 is
the length of the dipole, and B = 2u/A., Similarly, the fields of an
elementary loop antenna located at the origin in the 6 =

P N

= n/2 plane of ;
a spherical coordinate system" 3
':3:
. n8%IA sin 0 e JFT 1 (2.4)
E, = 1 + == i
¢ 4nr jBr 3
. -jBr 1 ;
B2IA sin 0 e I S, 5 i
L T (1 * Jar 82r2> (2:3) ;
. ~jBr
. JjBIA cos 6 e R 2.6
He = 2nr (l J'Br) (2.6)

where A is the area of the loop, and all other quontities are as pre-
viously defined. These fields appear to bear little similarity to the
fields of EMP sources waich will be regarded in this study as piane
waves originating at infinity and ranging in frequency from 10¢ to 108
Hz. Thers are, however, important similarities that greatly simplify
the problem of relating the electromagnetic properties of small loops
and dipoles to those of EMP sources. These similarities can be seen
by calculating’the wave impedances for elementary loops and dipoles
using the preceding expressions for the fields. The wave impedance

of a source at a field point is defined as the ratio of the electric
fields to the magnetic fields in a plane transverse to the radius
vector from the source to the field point. The wave impedance of the

PPN RIS W PP LE 1 ¢ JRL 213 PNOOPL R L

B AP IT

(2.7)

= (L 38r -R%r?
jBr -g%r?
where Ej and Hy are given by equations (2.1) and (2.2).
sion can be written in complex form as follows:

e termtensiind someritose sl S Loy A

This expres-

REUT

Zp = Rp + jXD

4
where: ?
n_(Br)? - :
Ry = ——— {2.8)
DT 1+ (8r)°
L. Schelkunoff, S.A. and H.T. Friis, Antennas-Theory and Practicce, Jonn Wiley and
Sons, N.Y. (1957).
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Qipole

Loop

Figure 1. Elementary dipole and loop sources at the origin of a
spherical ~oordinate system.

and

. )
Xp = EETIF (D)%) (2.9)

are the resistance and reactance, respectively. For a louop, the wave
impedance, 2j,, is

B E¢.= n iBr - g2r?
Hy 1 + jér - Bir?

2y, (2.10)
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with E, and Hy given by cquations (2.4) and (2.5}

: 2.5). In terms of re-
sistance and reactance, equation (2.10) becomes

by = Ry + 3K

where:
n_{sr)*
Ry = T (2.11
L™ 1~ (gr)” + (sr)°*
. nir o .
1= v (s (2.12)

Figure 2 is a plot of |2_,| and |Zp] as functions of frequency for
r = 12 1n. which is the distcnce between couvce and shicld specified

by MIL-STD~-285%. The line through 3778 represents the expected wave
impedance of EMP fields, We note that

2] ~ Zgmp 37730 12p]

for all frequencies of interest. Thus, the sources used in MIL-STD-
285 provide upper and lower bounds for the wave impedance of EMP
sources.

~ands decreases as the frequency increases.

This is to be expected
ace equations (2.7) and (.10)

imply the following:

lim 2p = lim %y = Zpmp = 3779 (2.14)
o ‘{ o
lim ZL = ]lim ZL = ZEMP = 377w
(2.15)
e LY

Thus, Zpmp iz a special casc of Zp and Zy,.

The most important similarity betucen small loop and dipole
sources and EMP sources lies in the fact that the wave impedances of
all three sources are independent of spatial variations in dircctions
transverse to the radius vector from the source to any field point.
That is, Zgmp, 2p, and 2, are all independent of the transversce coor-
dinates v and 5. Zpqp 1S a constant while %p and 2], arc functions of
r alone. It was pointed out by Schelkunoff? that if a field incident
on an clectrical discontinuity (such as an EMP shield) has an asso-
ciated wave impedance which is independent of the transverse coordi-
nates, and if the transmitted field also has an associated wave
impedance which is independent of the transverse coordinates, then
standard transmission line theory can be applicd to compute the re-
flected and transmitted fields. This fact greatly simplifies the
problem of estimating the shiclding effectiveness scen by these three

sources, and it insures the existence ot an analytical relation
between Sl‘:D, SEL, and S[‘:[,:Mp.

R 3 Py aa—
Seheelaunof, Vante

(1o% ),

Fleetrogepsnet e Wave, | oan

Wovtrana, Prineeton, dodog poo v

.. .. TR LS Rt TCh Y, B~ RN L
. RN Ry s
P It 4 O Fard it e S 4 AL %

2 13)

We also note that the difference between the upper and lower
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3. EFFECTIVENESS OF AN IMPERFECTLY CONDUCTING, CONTINUGUS,
METALLIC SHIELD AGAINST EMP AND SMALL LOOP AND DIPOLE FIELDS

An expression for the shielding effectiveness (SE) of a contin- -
uous (no holes), imperfectly conducting shield can be written as

follows:
SE =R+ 34 + B (3.1)
where:
R = 20 log §*i - (3.2)
A = 8.686 at :3.3) .
= _ tk=1)7_-2(1+j)at;
B = 20 logll iy .© | (3.4) ;
i
Kk = EEEZE__ {impedance ratio of (3.5) q
Zshield  shield and source) :
= (s i,  (reciprocal of skin §
a = (nuof) depth) (3.6) §
! :
_fi2mue )"
“shield = ( o (3.7

f is the frequency, and t, u, and v are the thickness, permeability,
and conductivity of the shield, respectively. In this expression,

R represents losses due to initial reflections, A is the loss due to
attenuation of the field in penetrating the shield cnce, and B ac-
counts for losses due to reflections which are not contained in R.
Equation (3.1) was obtained by Schelkunoff? from his transmission
line theory of shielding and applied by him to the problem of shield-
ing parallel current filaments with surrounding cylindrical conduc-
tors. However, equation (3.1) is not limited to this application; it
is actually applicable to many other combinations of sources and
shields. For example, experimental and theoretical studies®®’ have
shown that equation (3.1) correctly describes the shielding of a small
loop antenna by a conducting plane. One need only insert the loop
wave impedance [equation (2.10)]) into ..e numerator of the impedance
ratio, equation (3.5). In the preceding section it was noted that
transmission line theory should be applicable whenever wave impedances
of the fields incident and transmitted through a shield are indepen-
dent of spatial variations transversc to the direction of propagation.

URAL S b o YRR AL Bt B by AT 4 i s u

«
Y

It is not suwvprising then that equation (2.1) can be applied for inci- ki
dent fields produced by loop sources since, as was seen, the wave &
2. Schelkunoff, S.T, Electromagnetic Waves, Van lostrand, Princeton, N.d. ‘%

(1943). 3
5. Moser, J.R., IEEE Trans. IMC, Voi. FMC=9, p. v (1947). _§
6. Ryan, C.M., IEEE Trans. FEMC, Vol. IMC-0, p. 83 (1967). 3
7. Pannister, P.R., USL Report No. 891, U.0. Navy Undervater Sound Laboratory, {]

Fort Trumbull, Hew london, Conn. (1967).
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impedance of a small loop will satisfy this condition to a good ap-
proximation. By extension, equation (3.1) should also be applicable
to incident fields produced by EMP and small diwvcle sources. The
only adjustment necessary in these cases is to use the appropriate
wave impedances for the fields 3779 for Zpyp and equation (2.7) for
Zp 1n the numerator of equation (3.5). 1t is perhaps more surprising
that equation (3.1) is applicable, without modification, to shielding
calculations for structures as dgecmevrically diverse as cylindricatl
shells and plane sheets since it is not obvious that the fields trans-
mitted through these shields alsc satisfy the requirements of trans-
mission line theory. The fact that the structure of fields transmit-
ted bv cylindrical and plane shields, as well as most ¢ther shields
regardless of geometry, does indeed satisfy the requirements of
transmission-line theory can be shown with the aid of figure 3. In
this figure, S, is a sonrce (dipole, loop, or EMP) illuminating a
metallic shield Sp of unspecified geometry. For convenience we show
only the cross section of Sy in the X,2 plane, but it will be under-
stood that Sp is a general three-dimensional metallic shell with a
uniform wall thickness t and uniform electrical characteristics i and
¢. It will be further understood that our remarks apply to all points
on the shield, not only those which happen to lie on the X,Y plane.
The lines rj, rz, and rj are representative ray paths from the source
to points on the shield where the dotted lines N;, N, and Nj are
normals to the surface at those points. Consider the ray r; where 0;
is the angle of incidence and 0, is the angle of refraction. Ic can
be easily shown that for any metallic shield 6, will always be an
extremely small angle at all frequencies of interest and all possible
angles of incidence. That is, it can be shown that all rays from Sy
entering the shield will do so to a very good approximation along the
norma: to the surface at the point of ent.y as indicated for rays rj
and ry in the figure. This can be seen with the aid of the following
expression giving €, in terms of u, o, 0;, and source frequency F®

S | 2 sin 03 [nf % _ speed of
8y = sin [ c (uo) ¢ © % 1ight (3.8)

From equation (3.8 we note that, for a given shield, the maximum value
of 9, occurs for grazing incidence, where 0; = 990 deg and sin 6; = 1,
and Eor the highest frequency of interest, fp,yx. Hence,

- 'ﬂ'f 1.
max 0, = sin"+ |2 max} * (3.9)
r c 1o

Taking the case of a steel shield (u = 400w x 10'7, H/m. ¢ = 4 x 10°
mho/m) with fpax = 108 Hz, equation (3.9) gives max 0y = 3 x 1074 gdeg.

" This is a very small angle indeed, and it shows that we are completely
justified in regarding wave propagation within the metallic shell as
being directed along the normal to the surface at any point. Com-
parable results are obtained with other metals.
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8. Kraichman, M.B., Handbook cof Electromagnetic Propapution in Conducting Mcdia,
U.S. Government Printing Office, Washington, D.G. (1970).
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Figure 3. A source §, illuminating a uniform, continuous, metallic
shield §j.

The preceding has shown that fields propagate into a conductor
along the inward normal to the surface. 1If, in addition, the surface
of the shield is such that the following inequality is satisfied,

A
LI (3.10)

©

where A\ is the wavelength of the field in the conductor, and p is the
smallest radius of curvature of the shield, then it can also be shown
that the Leontovich? or impedance boundary condition®

Ei  f(j2nug) ®
= = _ f[lehul
Zshield = H = ( o (2.11)

8. Kraichman, M.B., Handbook of Electromaguetic Propupution in Conducting Media,
U.S. Government Printing Office, Washington, D.C. (1970).
9. Leontovich, M.A., in Investipgation of Propagation of Radio Waves, cdited by

B.A. Vvedensky, Acudemy of Sciences, Moscow, U.S.8.R. (1948).
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: will be satisfied at all points on the surface of the shield. Equa-
. tion (3.11) is the field impedance normal to the shield at any point, ‘
: i.e., it is the ratio of the E field to the H field in a plane per- :
pendicnlar to the ncrmal at a.'y point in the surface. Since we have ;
- shown that the direction of propagation is always along the normal, ;
v it follows that equation (3.11) is the wave impedance in the direction
of propagation in the shell. Equation (3.11) is independent cf all ;
. spatial variables:; hence Zghij«l¢ in particular is independert of
.. spatial variations transverse to the direction of propagation. We
: may therefore conclude that the transmission line theory of shielding
as represented by equation (3.1) is indeed applicable to continuous
metailic shells of anv geometrical form provided only that ccndition
(3.10) is sarisfied. Condition (3.10) should not impose a serious
limitation on equation (3.1) in most cases. The wavelength in any
metal will be quite small even at extremely laow frequencies. For
example, in steel, *p = 1.58 cm at a frequency of 190 z. Mosl
shields have radii of curvature much larger than thi:.

saw & 3o E 5T Ne sac \ v

[T

¥

In the preceding argument we have used the Leontovich boundary {
condition f{eguaticn (3.11)] to show that Schelkunoff'’s transmission- ¥
line theory of shielding, and equation (3.1) in particular, is appli- 3
cable to uniform, continuous, metallic shields of quite general shape. :
This argument is further supported by the fact that equation (3.11) 3
is identical to the expression used by Schelkunoff for Zsghield i
[equation (3.7)]). Thus, Schelkunoff's 1943 theory incorporates what 3
later became known as the Leontovich boundary condition. 2ghield g
(referred to hereafter as 2g) is critical in the application of equa- %
tion (3.1) because k, the ratio of the incident wave impedance to Zg, %
determines the loss due to reflections. Figure -4 is a plot of }Zg] '%
as a function of frequency for a representative group:of -metals. 2
Loop impedance Ile is also shown. Comparing figure 4 with figure 2, 2
* we see that . T TE
g

|zs|<<|ZL|< ZEMP <IZD| (3.13) 3:}_

for all frequencies of interest. Trom equation (3.13) it is clear g

tnat the impedance mismatch is ordexed as follows:

z z z
1 << zL < %’? < zD (3.14)
S lsl S

and we would expect the effectivenes: ot any metallic shield to be
ordered in the same way,

SE[, < SEgmp < SEp (3.15)
for loop, dipole, and EMP sources. This expectation is realized in

figure 5, which is a plot of equation (3.1) for a copper shield
0.001-m thick.

R

4. EFFECTIVENESS OF A PERFECTLY CONDUCTING SIOTTED SHIELD

In the preceding section we applied the transmission line
theory of shielding to the problem of calculating the shielding ef-
fectiveness of a continuous, imperfectly conducting shicld. The word

i

. TR LNy s, . , . 3 e . N4l
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continuous in this context means that nc holes o1 other imperfections
are permitted in the shield. It is a difficelt task to build a shield
in which continuity is achieved to a deqgree actually approximating
that assumed in the theory, and most ex:isting shieids fail to satisfy
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num, and steel and the loop wave impedance IZL (r = 12 in.
plotted as functions of frequency.
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Figure 5. Shielding effectiveness of a copper shield 0.001 m thick

computed with Equation (3.1) for loop, dipole, and EMP
sources.
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g this condition in some raspects. We must therefore consider the ef- é
X fect of discontinuities on the shielding effectiveness of such struc- : 3
tures when illuminated by loop, dipole, and EMP sources. In this b ¥
section we will not attempt to discuss all the various discontinuities { 4
which might bhe present in a shield; rather, we will consider only a ; A
. representative type, rnanely, the narrow slot - where by narrow we mean 2 %
. that the width of the slot is much shorter tiian its length and alsc 3
very much shorter than the free space wavelength of the source field. 3
According to Jarva'?, "the slot is representative of the greatest §
number of flaws that are found in shielded enclosures.” It is a :
working approximation to the type of seams and joints often used in 3
constructing these structures. :
Consider an electromaynetic source S, illuminating a slotted, 3
. perfectly conducting surface as indicated in figure 6, where L is %
5 one-half the leng:: of the slot and a is one-half the width. For a 3
’ narrow slot, where: i
L > a ,E
2

. A= ? >> a,

“

I

& . . . e
% :zhwﬁ.,-éd:umh% ML T e T A Bt

the illumination will be approximately uniform, and, as in-the pre-
ceding section, transmission line thuory can be used to compute the
reflected and transmitted fields.? Our expression for the shielding
effectiveness due to reflection from the slot is then

412
SE = 20 log !%%%' (4.2)

Equation (4.2) is identical to equation (3.2) for the shielding effec-
tiveness of a continuous shell due to reflections except that k in

equation (4.2) is the ratio of the incident wave impedance to the
slot impedance 24

} K = Zwave 14.3) -3
2 s
§ sl ?§
<
f rather than the ratio of the incident wave impedance to the shield ;§
’ impedance as defined by equations (3.5) and (3.7). ;g
£
: The slot impedance, like the shield impedance, is independent £
% of all spatial variables; hut, unlike the latter, it is strongly i
4 dependent on the polarization of the incident field. Maxinium response 3
t is achieved when the incident field is aligned with its E field trans- 3
i verse to the slot as indicated in figure 6. In this case, the slot 3
) impedance is related to the driving point impedance, 2,43, of the 3
2 complementary dipole as follows: 4
7 3
' ? 2. ?ehfl?unofr. S.A., Electromagnetic Waves, Van Nostrand, Princeton, N.J., p. 2h7 i
= 8 1943).
i« 10. Jarva, W., (EEE Trans. EMC, Vol. EMC-12, p. 12 (1970).
+
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n2 - n2 fRea -~ I%cq

VA = 1 1T — (4.4)
R +.%x2_
1 2eq ' Rea * Xca

&

where R.q and X-q are the real and imaginary parts of Z.q.''! The 2

complementary dipole may be taken as a cylindrical dipole of radius §

a and length 2L. Approximate expressions for the real and imaginary E

parts of the driving point impedance for a cylindrical dipole are g

3 given by Jordan.? From tlese, we have the following expressions for 2
; Recg and X4 %
: 3
4

]

EQ sin h (2y)
2

- (4.5)
cos h? (y) - cosé (BL)

Reg =

; Xeg = 52 ~sin (2B8L) 5 (4.6) ;
,; cos h2 (y) - cos? (BL). E:

]

;

1

i

}

: lr
4 e
i“é
x E
Z
- E
oo g
- Figure 6. A source S, illuminating a narrow rectangular slot with E &
2 : parallel to the width of the slot. %
3
%
3
£
f§ 3. Jordan, E.C., Electromagn:tic Waves and Radialing Systems, Prent.icc-Hall,
s Englewood Cliffs, N.J., p. 468 (1950).

11. Krauss, J.D., Antennags, McGraw-Hill, N.Y., p. 369 (1950).
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-n2_ _n? [Rea = I%cq

(4.4)
47 4 2 Z
cd Rcd + xcd

231

where R.q and Xcq are the real and imaginary parts of Z.q.'!
complementary dgpole may be taken as a cvlindrical dipoie of radius
a and length 2L. Approximate expressions for the real and imaginary
parts of the drivzng point impedance for a cylindrical dlpole are
given by Jordan.’ From these, we have the fcllowing expressions for

The

Redq and Xqoq:
Z in ’

b Rog = 52 a0 h_(2y) (4.5)

2 2 N cos h? (y) - cos2 (BL)

:

? 2o ~sin (28L)

2 Xeg = 5 ) (4.6)

lg - cos h? {y) - cos? (BL)

v J

b
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where:

2, = 120 [ln (g) -1-% ln(%k)] (4.7)

2 Rag (4.8)

Rag = 153 [z+z cos iZBL)] Sy (26L)
- cos(2BL) S, (48L - 2 sin(28L)S; (28L) (4.9)
+ sin(2BL)Si(4BL)(

and all other quantities are as previously defined except S; and S5;
which are defined as follows:

- sin(s)
sy (x) = [2292888) a5 ; 5500 = (S5 ds (4.10)

Figure 7 is a plot of |zsll versus frequency for a typical group of
slots. From the figure we note that ]Zsll, like the magnitude of the
shield impedance, is bounded by |2p|. That is,

2511 << 12l (4.11)

As in the preceding section, the impedance mismatch will be ordered
in the following way,

2y % 2
1 << L| . .EMP _Ql 4,12
Zo1l 1251 12| (4.12)

and similarly, the shielding effectiveness

SE[, < SEgyp < SEp (4.13)

Figure 8 is a plot of SE,, SEpyp, and SE; computed with equation
(4.2) for a slot 0.0l1-m long and 0.00001-m wide. This shows that
SEp and SEgyp ore decreasing functions of frequency while SEj, is
nearly independent.of frequency. The latter is a reflection of tne
fact tbat |2y|/|2g3| is nearly constant over the whole range of fre-
quencies as can be seen in figure 7. The severe effect of even a
small opening on the high frequency performance of an EMP shield is
obvious in a comparison of figures 5 and 8. According to figure 5,
SEgyp for a continuous copper shield 0.001-m thick is 525 dB at a
frequency of 107Hz. Figure 8 indicates that the same shield with a
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l-cm slot will provxde 70 db of shielding against an EMP field at
107Hz - a loss in shielding effectiveness of 455 dB!

S. A METHOD FOR ESTIMATING EMP SHIELDING EFFECTIVENESS USING
MIL-STD 285 MEASUREMENTS

The preceding sections have shown that the computed shielding
effectiveness of typical metallic enclosures for small, close-in
dipcle and loop sources gives upper and lower bounds fcr EMP (plane
wave) shielding effectiveness at all frequencies of interest. This
result depends basically on the general relationships between shield
impedance and loop, dipole, and EMP wave impedances contained in
equations (2.13), (3.13), and (4.11). These relationships are insen-
sitive to variations in design and composition (provided metal is the
primary material), and they are, therefore, likely to be satisfied by
actual shields when illuminated with actual sources. From this, we
can reasonably conclude that shielding measurements carxied out in
accordance with MIL-STD-285 using dipole and loop sources at a dis-~
tance of 12 in. from the shield will give best and worst case esti~
mates of the EMP shielding effectiveness of the structure. However,
figures 5 and 8 show that the difference between the upper and lower
bounds obtained in this manner is likely to be so great, particularly
at low frequencies, that these measurermants alone will not give one
an accurate estimate of SEpyp. To obtain accurate EMP shielding
estimates from MIL-STD-285 measurements, ¢ general expression relat-
ing SEp,, SEp, and SEgmp is needed. Such a relationship, for instance,
SEgmp = F(SEL,SEp), can be used to obtain estimated values of SEgmp

(estimated) _ (measured)  gg(measured) 5.1)
SEBMP SEL =5 (
using measured values of SE; and SEp. That such a relationship does
indeed exist can be seen witch the aid of figures 5 and 8. Direct
measurement from the curves in these figures reveals that

where 8 (f) is the same function of frequency for both continuous
(figure 5) and slotted (figure 8) shields, that is, 8§ {f) is indepen-
dent of the shield. From equation (5.2) we immediately obtain one
form of equation (5.1), namely

gplestimated; _ (ég(measured) + sg(measured)) (5.3)
EMP L D

Hence, SEgyp can be estimated for any shield by taking the arithmetic
average of the loop and dipole measurements. The usefulness of equa-
tion (5.3) is limited by the fact that, in general, both SEp, and SEp
will not be measured at all frequencies of interest. As mentioned
previously, the shielding of the dipole field will often exceed the
sensitivity of the receiver. What is needed then is a relationship
involving only SEgyp and SEj .
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Figure 8. Shielding effectiveness of a perfectly conducting shield

iite)

with a rectangular slot 0.01 m long and 0.00001 m wide 3
computed with equation (4.2) for loop dipole, and EMP B

sources.

Following the lead provided by equation (5.2), we form the dif-
ference SEpyp - SEp and attempt to evaluate §(f) using equation (3.1).
We obtain

ek bk HeE ARy Rt

[kEmp*l |24k
§ = SEgyp - SE; = 20 lo
EMP L J (4 Ikgmp! ik +112

-
-

. 5.4
‘ (kEMP-1)2-2(1+J)Qt (5.4)

1l - 2e
(Kewp*1) _
+ 20 log _(kL-l 26_2(14.3')(“:
(k1) ?

L

where:
VA
_ “EMP (5.5)

Ky = ok (5.6)

Iy 24

Sgiguinil SBELE A S S b AT VA TR IO AT SN AN r b A B (S




2 ARG A B e BN e ST T e S VT AR AT RO v Wt e AR SRR R ey et ORI AT ATt AT Tk e m st AN T s A Ay M SR ey 1 e e,

From equation (3.13) we have

d

b

o3
LY
i
%
Al
i
§
=

e
A

<

fkempl >> 1 (5.7)

H

Koo

£

Ikl >> 1 (5.8)

Hence, |kpyp *lizlkgypland !ky*liz|ky!, and equation (5.4) reduces to

|%Emp |

f § = 20 log TEZT

TPy SR PR Ly B Voo 75 LARE~ub Lot o)

| _ -2(l+j)ati

l-e

5 + 20 log [1oe-2(I73)aE|

A or

] :

i § = 20 log I EMP' (5.9)

"

As expected, ¢ is independent of the shield; it depends only on the
: impedance mismatch between loop and EMP, and, in general, it will be
a function of distance and frequency. The reader can easily verify
that the same expression is obtained for a slotted shield by starting
with equation (4.2) and using equation (4.11). Following similar
arguments, it can be shown that

2
- - EMP
SED - SEEM? = =20 log JW-“ (5.10)

: for both continuous and slotted shields. Furthermore, since g =
. n >~ 377., it can be shown using equaticen (2.7) and equation (2. iO)
3 that

s aT A Rt 8T

porrgR Tl

L g Zgmp
2 -20 log T%%% = 20 log TZ;T (5.11)

Hence, cquation (5.10) can be combined with eqguation (5.9) in a
single statement

S Z
) EMP
4 4 = S5 - 8E; = 20 log
2 EMP L lZLl
.L (5.12)
: 2
¢ EMP
e = SE, - Sk = -20 log
2 D EMP YA
3 | D|
i: thus verifying the correctness of cquation (5.2).
"l
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Since Zgymp., 2y, ?nd %y are known, § can be computed explicitly
from equation 75.12? using either the combiration of Zgmp and Zj or
Zgmp and Zp. Figure 9 is a plot of 6 as a function of frequency at
the MIL-STD-285 source distance of 12 in. Thus, in addition to egqua-
tion (5.3), we may use

(measured)

(estimated) _
SEpmp = SE; + 34 (5.13)
or
Sséggtlmated)= SEI()measured) -5 (5.14)

to provide independent estimates of EMP shielding on the basis of
MIL-STD-285 measurements.
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Slope = 20 dB per decade

Differonce, 5, dB&
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Frequency , Hz

Figure 9. The difference § between shielding effectiveness measured
with a plane wave source and shielding effectiveness - -
measured with a small ioop (or dipole) source located at
a distance r = 12 in. from the shield.
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6. DISCUSSLION

MIL-STD-285 specifies that shielding measurements shall be made
on all sides of the enclosure with special attention to utility en-
trances, doors, and access panels and that the minimum attenuation,
i.e., shielding effectiveness, shall be recorded. It further speci-
fies that the source and receiver antennas shall be located 12 in.
from the outer and inner surfaces of the shield, respectively, and
that the relative position of source and receiver shall remain fixed
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during thc measurements. If these procedures are followed rigorously,
there should be no Mifficulty in using the results of the preceding
section to obtain conservative, but accurate, estimates of the EMP
shielding effectiveness of the enclosure.

aom T AN

By making measurements at various locations and noting the
minimum shielding effectiveness, the principal point-of-entry, if any,
will be located and a conservative figure will be assigned to the
shielding effectiveness of the enclosure as a whole. Fixing the
relative positions of source and receiver makes certain that the wave
impedance at the surface of shield will not change from one measure-
ment to the next and thereby helps to insure that, when antennas are
moved to a new location, any major cnange in shielding effectiveness
is due to a change in the shield and not in the wave impedance of the
source. Figure 10 is a schematic representation of a series of
shielding measurements carried out in accordance with MIL~STD-275 for
an enclosure with a single principal point-of-entry (PPE) consii:zing
of some type of narrow aperture. As measurements are made with leoop
antennas at locations SjR;, S3R3, ..., Sp Ry (where S; is the source
location for the first measurement, R; is tge corresponding receiver
- location, and S, Ry, S3 R3, ..., S, Ry are similarly defined for the
3 second, third, and nth measurement) it will be noted that the meas-

1 ured shielding effectiveness decreases as PPE is approached and
reaches a minimum in the immediate vicinity of the aperture (S4 Ry).
This minimum value is a worst-case estimate of the shielding effec-
tiveness against close-in loop sources; and when adjusted by addition
of § from figure 9, it is a conservative estimate of the EMP shielding
effectiveness of the enclosure as a whole. If thnre is no one prin-
cipal point-of-entry or, as is more likely, if there are many points
of entry, then the shielding effectiveness will change relatively
little (~10-12 4B at most) as the antennas are moved along the shield.
The average measured value then can be used along with § to provide
an accurate estimate of the EMP shielding effectiveness of the
enclosure.
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For a variety of reasons, it may not always be possible or
practical to adhere strictly to the procedures of MIL-STD-285. 1In
particular, it may not be possib’2 to maintain the antennas in fixed
relative positions at all times. A situation that may arise is
illustrated in figure 1l1. Here the source Sp remains in a fixed
position relative to the shicld, but the receiver is moved succes-
sively to positions R}, R2, R3, ..., Rp within th2 enclosure. 1In this
case, the minimum or average measured shielding cffectiveness can
still be used to estimate the EMP shielding effectiveness of the en-
closure; however, it must be recognized that the wave impedance from
source to receiver will not be constant as before, but will change
as a function of the distance ry, rp, ..., rp. The resulting varia-
tion in impedance mismatch will cause changes in measured shielding
effectiveness as the receiver is moved from R; to Ry, etc. These
changes can be very important. Figure 12 is an extension of figure?2,
showing the magnitudes of loop and dipole wave impedances at various
distances as functions of frequency. Accoriing to this figure, |ZLI
at a frequency of 10° Hz increases from 2.6 to 26Q as the distance,
r, changes from 1 to 10 ft. Since a tenfold change in wave imped-
ance can result in a 20 dB-or-more change in shielding effectiveness,
it is clear that changes in distance betwaeen source and receiver must
be accounted for when estimating EMP shielding effectiveness from
measured values of EMP shielding cffectiveness. That is, the
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correction factor 8 must now be regarded as a function of both fre-
quency and distance. One way to do this is to extend figure 9 in the
X same way that figure 2 was extended in figure 12 by including a family
Yy of curves corresponding to various values _of r. This has been done

; in figure 13 for r ranging from 0.1 to 102 ft. An appropriat: value
2 of § for every combination of range and frequency likely to L. en-

& countered in practice can be obtained by interpolating between the :
o curves on this figure. s
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f Figure 10. Schematic representation of a series of MIL-STD 285
& measurements for an enclosure with a single principal
point-of-entry (PPE).
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It will be noted that the curves in figure 13 exhibit a
curious undershoot as § approaches zero when the frequency becomes
sufficiently high. That is, § crosses the 0 dB axis and approaches
zero asymptotically from the negative side of the axis. This re-
flects the fact, shown in figure 12, that |2{]| overshoots 3772 before
approaching the free space wave impedance from above. Similarly,
|2p| undershoots 3772 and approaches it from below. The maximum
overshoot (and undershoot) is about 1502. This effect is real inr so
far as equations {2.7) and (2.10) are concerned, but one might well
2] doubt that it will be seen with real antennas. In any case, the
i effect on 6 will be small; a maximum 150Q overshoot in IZLI trans-
Ey lates into a maximum 3 dB undershoot for 6. For most purposes, one
may regard 0 as zero beyond the cross-over poinc without serious loss
in accuracy.
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Greater accuracy, it desired, can be obtained by increasing the
number of curves in the figure. Alternatively, one may prepare a
table of correction factors computed for closely-spaced values of rat
certain selected frequencies. To apply these curves, r must be known.
That is, it must be measured in the field at each location where
shielding measurements are made. This is the operational price that
must be paid when the relative positions of source and receiver are
not fixed during a series of measurements.
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Figure 11. A fixed source Sp illuminating an enclosure with re-
ceivers located at varinus points Ry, Ry, Rj.
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Figure 13. The difference 6§ between EMP (plane wave) shielding
effectiveness and shielding effectiveness measured with

a small loop (or dipole) located at various distances
from the shield.
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